Isoprenoid compounds are found in all organisms. In Escherichia coli the isoprene pathway has three distinct branches: the modification of tRNA; the respiratory quinones ubiquinone and menaquinone; and the dolichols, which are long-chain alcohols involved in cell wall biosynthesis. Very little is known about procaryotic isoprene biosynthesis compared with what is known about eucaryote isoprene biosynthesis. This study approached some of the questions about isoprenoid biosynthesis and regulation in procaryotes by isolating and characterizing mutants in E. coli. Mutants were selected by determining their resistance to low levels of aminoglycoside antibiotics, which require an electron transport chain for uptake into bacterial cells. The mutants were characterized with regard to their phenotypes, map positions, enzymatic activities, and total ubiquinone content. In particular, the enzymes studied were isopentenyldiphosphate A-isomerase (EC 5.3.3.2), farnesyldiphosphate synthetase (EC 2.5.1.1), and higher prenyl transferases.
Isoprenoid compounds are ubiquitous in nature (21, 22) . They are characterized by the presence of the basic fivecarbon isoprene unit ( Fig. 1 ) which serves as a fundamental building block for all compounds in this class. Although the end products of isoprene biosynthesis are as diverse as rubber, cholesterol, and ubiquinone, the early part of the pathway has been found to be similar in all organisms studied thus far. Research in our laboratory has primarily focused on the enzymatic mechanisms involved in the conversion of isopentenyl diphosphate (IPP) to squalene (Fig. 1) in fungal, plant, and avian systems. This project was undertaken in order to study the biosynthesis of isoprenes in procaryotic systems. Procaryotes offer the immediate advantage of being amenable to both modern molecular techniques as well as classical genetic techniques, and at the same time they pose interesting questions with regard to the regulation of isoprene biosynthesis.
There are three distinct branches of the pathway in noncarotenogenic bacteria such as Escherichia coli: the modification of tRNA (5); dolichols, which are carbohydrate carriers in cell wall biosynthesis (1, 22) ; and the respiratory quinones ubiquinone and menaquinone (Fig. 2) . tRNAs with codons beginning with uracil are modified at A-37 by the addition of a single isoprene unit to the N-6 position of the adenosine. The gene miaA, which codes for this prenyl transferase (PT), is expressed at very low levels (5), and as a consequence this reaction is a minor component of the pathway. Dolichols and the respiratory quinones are the major end products in procaryotic isoprene biosynthesis. The biosynthesis of these two classes of compounds diverges after the formation of farnesyl diphosphate (FPP). Dolichol synthesis requires the cis addition of eight isoprene units to FPP to give C55 polyprenyl diphosphate. The side chains in respiratory quinones require the trains addition of 2 to 11 isoprene units to FPP to yield an overall chain length of 5 to 14 units for menaquinones (MK-n, where n is the number of isoprene units) and 7 to 14 units for ubiquinones (Q-n) (8) .
The aromatic nucleus is alkylated after the chain is fully formed. In E. coli, the chain length of the quinones can vary, * Corresponding author.
but the major components consist of eight isoprene units for both ubiquinone (Q-8) and menaquinone (MK-8) (9) . From the elegant work of Gibson (14, and references therein) the biosynthesis of ubiquinone from chorismate is well understood. Likewise, the work of Young (32) on menaquinone has defined the pathway of the major respiratory quinone for the anaerobic state. Both classes of quinones were recently the subject of a comprehensive review (4) . One notable exception in these studies was the lack of information on isoprene chain formation. The previous studies served as an excellent starting point for this study, which focuses on the events in the pathway beginning with the isomerization of IPP to dimethylallyl diphosphate and leading up to the formation of the all-t-ans-polyprenyl diphosphate and the subsequent addition of this chain to the aromatic nucleus in ubiquinone biosynthesis.
Ubiquinone is a major component of the aerobic respiratory chain. It is estimated that there are approximately 50 molecules of ubiquinone for each of the oxidation complexes in the E. (oli membrane (29) . Thus, by focusing on an end product which is produced in relatively large quantities, we were able to detect perturbations in the early part of the pathway. The rationale for the screening process used was to look for mutants that were altered in levels of ubiquinone production but not affected in the aromatic amino acid pathway, thus narrowing the possibility that we would be duplicating previous work.
There were two major considerations in designing an effective screen for this study. First, if we were going to significantly decrease the availability of the side chain precursor for ubiquinone, we might at the same time decrease both menaquinone and dolichol biosynthesis, all three of which should be essential compounds. With that in mind, we screened for ts mutants. Second, we wanted to use an initial selection procedure which would allow us to look at large numbers of mutants, followed by a more stringent screen. Gibson (14) (19) , isoprene biosynthesis begins with the condensation of three molecules of acetyl coenzyme A (acetyl-CoA) to yield 3-hydroxy-3-methylglutaryl coenzyme (HMGCoA). In all organisms, the pathway from 3-hydroxy-3-methylglutaryl coenzyme A to FPP is similar; at this point the pathway diverges. Abbreviations: MVA, mevalonic acid; OPP, diphosphate group; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate.
chose to use resistance to low levels of aminoglycoside antibiotics as the first step in our selection procedure. This method was previously reported by Taber and co-workers (26) for the isolation of menaquinone mutants in Bacillus siabtilis. It takes advantage of the fact that the uptake of aminoglycoside antibiotics requires an energy transport system (10, 27, 28) , and one of the major components of this system is ubiquinone. 20 ,000 x g for 10 min. The cleared supernatant was transferred to a clean tube, and samples were assayed for enzymatic activity. Protein content was determined by using a modified Bradford assay (24) .
IPP isomerase assay mixtures contained 6 nmol of [1-14C] IPP (10 pCi/pmol), 40 p.l of assay buffer, and 30 ,ul of supernatant in a total volume of 100 ,ul. The assay mixture was incubated for 10 The calculations for the enzyme activities were done by the following procedure. The corrected disintegrations per minute were determined by subtracting the background counts of a control assay (no enzyme present) from the disintegration-per-minute reading for each assay. This value was then multiplied by 2 to account for the total disintegrations per minute for that assay. The total protein content of each extract was determined by a modification of the Bradford assay (24) by using bovine serum albumin as a standard. The disintegrations per minute per assay were then divided by the amount of protein (in milligrams) per assay to give the final value. Each strain was assayed several times, and the results of each assay were combined and analyzed with regard to median, standard deviation, and percent error (standard deviation/median). The median value for each assay was used to calculate the ratios.
HPLC assays for ubiquinone. The assay for ubiquinone was based on the methods cited by Collins (8) . Strains were grown in 50 ml of PB at 30°C for 5 h after inoculation with 2 to 4% of an overnight culture. Cells were collected by centrifugation, washed once with 0.9% saline, weighed to determine a wet cell weight, and then lyophilized overnight. The dried pellet was extracted in 25 ml of CHCI3-methanol (2:1) containing 5 p.g of Q-10 as an internal standard by stirring the suspension at room temperature for 2 h; the suspension was protected from light and moisture. The extract was filtered, and solvents were removed in vacuo. The residue was suspended in 1.5 ml of dry hexanes and loaded onto a prewashed cartridge (Florisil Sep-Pak; Waters Associates, Inc., Milford, Mass.). The cartridge was then washed three times with 1 ml of dry hexanes, which was followed by elution of lipophilic material with three portions of 1 ml of dry hexanes-ethyl acetate (3:1 The final levels were confirmed with a trial experiment by using the mutants of I. G. Young under mutagenesis conditions. The three chemical mutagens DES, EMS, and NH40H were chosen to induce a variety of mutations. Following mutagenesis, selection for mutants required that the strain show a Ts phenotype and be resistant to all three antibiotics. Any strain which showed consistent phenotypic behavior through four successive transfers was assigned a strain number and stored as a stable mutant. These strains were tested later for their inability to grow on M9-succinate medium. All mutant strains which were tested further for enzyme activity and total ubiquinone content had the Nmr Kmr Gmr M9-succinate-phenotype. Strains with the Ts Genetic analysis. The MS strains, along with strains AN162 and AN163, were analyzed for auxotrophic requirements (11) . While we did not expect auxotrophy as a consequence of the isoprene mutations, it could result from a second site mutation, or it could occur as a result of a mutation in the aromatic portion of the pathway. The mutations in these strains were also mapped to determine their approximate positions by using an F' collection from B. Bachmann as described by Low (16) . The regions defined by F' complementation were narrowed by using selective cotransduction studies. In (Fig. 3) .
Initial experiments were conducted to determine the optimal conditions for enzymatic activity; and it was found that the activities of all three enzymes responded differently to buffers, temperature, and length of incubation. The conditions given above were a compromise so that all three enzyme activities could be obtained from the same crude cell extract. Both PT and HPT activities showed a much greater response under different conditions than did isomerase activity.
Isomerase activity was distinctly lower than PT or HPT activity, and several precautions had to be taken in interpreting the results of the isomerase assay. In particular, it was necessary to eliminate phosphatase activity, which would give higher counts in the assay due to the hydrolysis of IPP to give a ligroine-soluble alcohol without isomerization of the double bond. Phosphatase activity was determined by quenching a tube with 0.2 ml of ice water, which was then incubated at 0°C for 10 min before the ligroine extraction. Under the conditions of the assay (4 mM KF in the buffer), we did not detect the hydrolysis of IPP.
The MS strains were initially assayed at both 30 and 42°C after growth at 30°C, to screen for ts mutant enzyme activity. In all instances activities were higher at 42°C than at 30°C, and parallel behavior was found for strain W3110. The data presented in Table 3 were determined at 37°C. The ts mutant collection was assayed at both temperatures, and the results are summarized in Table 4 .
For each enzyme assayed, the disintegrations per minute per milligram of protein for the mutant was compared with that of the wild type to give the ratios cited in Tables 3 and  4 . The MS strains and strains AN162 and AN163 gave consistent results: 64% of the assays had less than 11% deviation from the mean, 33% of the assays had between 11 and 15% deviation, and 3% had greater than 15% deviation. The largest variations were seen for flasks containing the same strain. In the ts mutant collection, 65% of the assays had less than 11% deviation, 20% had between 11 and 15% deviation, and 15% of the assays had greater than 15% deviation.
The assay for isomerase activity gave incorporation of the label that was only twofold above background for the wild-type strain. Thus, only those strains that showed greater than 50% reduction in isomerase activity were considered to be isomerase mutants. The PT assay may have contained some HPT activity, although PT activity was typically much greater than that of HPT. In addition, the HPT assay did not distinguish between trans-and ciscondensing enzymes, which produce undecaprenyl diphosphate and bacterial dolichyl diphosphate, respectively. The two different enzymatic activities detected by the HPT assay could not be determined without doing product studies (Fig.  3) . In ) were performed according to the acid lability assay. For the HPT assay, the substrate was FPP (m = 1), and the product was in 2 4 in either the trans or the cis (data not shown) conformation. The acid hydrolysis quench cleaved an allylic diphosphate bond, but not a homoallylic diphosphate bond, thus allowing the distinction between dimethylallyl diphosphate or higher prenologs, and IPP. The hydrolysis of geranyl diphosphate (and higher diphosphates) has been shown previously (23) to yield the four products indicated, in which the total product was 3% (a), 27% (b), 53% (c), and 17% (d). Abbreviations: OPP, diphosphate; MeOH, methanol. *, Location of radiolabel.
HPT, we had far fewer mutants and no strong ones. AN162 and AN163 both showed higher HPT activity than the wild type, while ts mutants 33 and 62 had lower activities.
Complementation with the cosmid library. The cosmid library, which was packaged in XNK561, was introduced into the nine MS mutants and AN162 and AN163. After repeating the infection four times, we were able to isolate cosmids which complemented strains for seven of the nine MS strains and strains AN162 and AN163. MS5015 and MS5016 were refractory to complementation by this cosmid bank. AN162 gave only one isolate that was phenotypically complemented. All of the new strains generated by the introduction of the cosmid bank had a phenotype of temperature insensitivity Nms Kms Gms and were able to grow on M9-succinate medium. MS5041 was not strong either phenotypically or by the enzyme assay, and the respective complemented strain was not followed. All of the other strains were assayed for enzymatic activity (Table 3) and total ubiquinone content ( Table 5) .
Complementation of the MS strains was interesting in that each one showed a different pattern of complementation (see Tables 3 and 7) . MS5048(p5330) showed an overall twofold increase for each of the three enzymes. AN162(p5331) had a twofold increase in isomerase and PT activities but showed a twofold decrease in HPT activity, which was originally higher than wild type. MS5031(p5336) had a dramatic ninefold increase in isomerase activity, with very little change in either PT or HPT activity, thus suggesting that either MS5031 has a mutation in a regulatory region or the plasmid carries a regulatory region, since the copy number of the cosmid was two to three. Isomerase activity increased 1.5-fold in AN163(p5341), while no change was seen for PT activity and HPT activity decreased 1.5-fold.
HPLC assays of total ubiquinone content. All of the strains in this study were assayed for total ubiquinone content by a modification of a previously described procedure (8 ubiquinone from moisture, air oxidation, and UV light. In addition, Q-10 was added as an internal standard to each sample. Loss of the internal standard was determined by comparison with a standard curve, and this factor was used to correct the peak areas of the naturally occurring quinones, assuming that all quinones underwent similar losses during workup. The total ubiquinone content was determined by dividing the corrected peak area by the wet cell weight (milligrams of cells) of each sample. Despite these precautions, the samples showed a considerable variation, with the standard deviations being up to 35% of the mean values.
Peaks were identified by comparing their elution profiles with the standards for Q-6, Q-7, Q-9, and Q-10. A standard sample of Q-8 was not readily available, and the Q-8 peak was identified by its elution profile relative to those of the other standards (8) and by mass spectral analysis of the isolated compound. The HPLC profiles of the MS mutants and AN162 and AN163 showed low levels of Q-6 and Q-7 relative to the level of Q-8 and no Q-9. Some of the ts mutant collection and all of the strains which contained cosmids showed various levels of Q-9, in addition to the major quinone Q-8. In all of the samples there was a peak which eluted between Q-9 and Q-10. This peak was named UN-1. High-resolution mass spectral analysis indicated that this Fig. 4 , and a summary of the relative levels of Q-8 and UN-1 is presented in Tables 5 and   6 .
The results of the HPLC assays for Q-8 content (Tables 5  and 6 ) confirmed the results from the enzyme assays and the antibiotic resistance screen. Strains MS5015 and MS5016 had a very strong phenotype (Table 2) , but neither showed a significant decrease in the enzyme activities for isomerase, PT, or HPT. However, both had a 10-fold decrease in the levels of Q-8. The implication is that we altered another enzyme in the pathway defined by Gibson (14) . MS5031, which gave a 60% decrease in both isomerase and PT activities, had approximately 60% less Q-8. MS5048, which also had reduced levels of isomerase and PT activity, had slightly decreased levels of Q-8 and significantly decreased levels of UN-1. AN162, with decreased levels of isomerase and PT activity and an increased level of HPT activity, had a 10-fold decrease in Q-8. AN163 was unique in that isomerase levels were decreased, while HPT levels were elevated. The HPLC assay for AN163 showed slightly elevated levels of Q-8 and decreased levels of UN-1. Within the ts mutant collection, the strongest mutants were ts 33, ts 38, ts 51, and ts 101. Mutant ts 101 was interesting in that the levels of Q-8 decreased, and there was no detectable UN-1.
DISCUSSION
The isolation of isoprenoid mutants took advantage of two observations. The major end products of this pathway are ubiquinone and menaquinone, both of which contain isoprenoid side chains; and aminoglycoside antibiotics require active electron transport for uptake (10, 27, 28) , of which the major component of the E. coli electron transport chain is ubiquinone (29) . This selection was previously used by Taber and co-workers (26) study, the procedure was used to verify mutants isolated from the antibiotic resistance selection procedure.
Reduction in the availability of the isoprenoid side chain might alter both ubiquinone and menaquinone production, as well as dolichol biosynthesis, if the mutation occurred prior to FPP synthesis, which is a branch point in the pathway. Wallace and Young (30) (25) . Considering the variety of mutagens used and the degree to which the cultures were mutagenized (W3110 was mildly mutagenized with either EMS or DES; PA3092 was heavily mutagenized with Nmethyl-N'-nitro-N-nitrosoguanidine), we expected to find conditional lethal mutants exhibiting severe decreases in enzymatic activity. However, we were unable to find a mutant that was temperature sensitive in isomerase, PT, or HPT. In the best cases, we identified mutants that had lost ca. 60% of the enzyme activity (Tables 3 and 4) .
Since we were searching for tightly linked activities in the metabolic pathway, it was possible that they were located within a single operon. The strains in this study appeared to have mutations which mapped to two distinct regions of the chromosome. AN162 and MS5048 mapped between 34 and 44 min by episome transfer and were shown to be linked to srlC at 58 min. The other strains had mutations which mapped between 13.5 and 30 min, as determined by F' complementation; and in the cases of MS5015, MS5016, and MS5031, they were shown to be linked to purE at 12 min. The strain which showed the greatest variation in the mapping studies was MS5031, probably because of a second mutation which had the same phenotype. From the results of the enzyme and HPLC assays, we know that the levels of the enzymes of interest as well as the total ubiquinone content for these strains were altered; but until we obtain smaller subclones and fine map the region, we cannot say for certain which gene, regulatory region, or both that we mutated.
We were able to restore both enzymatic activity (Table 3 ) and total ubiquinone content ( 
